Proton Beam Fabricated Lab-on-a-chip for Single Molecule Detection by CHAN SOOK FUN





FOR THE DEGREE OF MASTER OF SCIENCE
DEPARTMENT OF CHEMISTRY,
NATIONAL UNIVERSITY OF SINGAPORE
2011
Abstract
Lab-on-a-chip (LOC) plays a significant role for the analysis of small volumes of bio-
logical entities such as cells, proteins and nucleic acids. Various LOC devices have been
fabricated in different materials using different lithography techniques. In this thesis, I
present a fluorescence detecting LOC device fabricated by proton beam writing (PBW).
PBW is a powerful direct lithographic process with the ability to fabricate smooth high-
aspect-walls in various polymers. For such LOC devices, a smooth microchannel improves
the device’s Signal to Noise Ratio (SNR) by reducing the amount of scattered light. An
SU-8 master mold was fabricated using PBW and the final LOC was produced using soft
lithography in polydimethylsiloxane (PDMS). The device consists of a microfluidic chan-
nel, which has a dimension of 25 µm (Width) by 40 µm (Height) by 1 cm (Length) and
two aligned etched multi mode optical fibres embedded in PDMS. Fluorescence within
the optical fibre detection region is excited by an 488 nm laser, which was focused to the
detection region by a microscope objective. The fluorescence emission from the detection
region is monitored wavelength selectively by avalanche photodiode detector (APD). This
LOC device is designed primarily for the purpose of single molecule detection in very low
concentrations of nucleic acid tagged with quantum dots (QDs).
Characterization of the device’s detection efficiency was carried out by two methods.
Firstly, the spatial homogeneity must be ensured throughout the detection volume. To
characterize this, fluorescent signals from a homogenous fluorescent dye, 1 nM fluorescein
(in deionized water (DIW)) were collected by two optical fibres while scanning along the
x-, y- and z-axes using a controllable stage. Contour graphs of the fluorescein’s photon
count rates at different z-planes were plotted. Secondly, to ensure both fibre 1 and 2 are
detecting the same fluorescent object, coincident detection was carried out. FocalCheck
microspheres from Invitrogen Co. will fluoresce in two different colors (red and green)
after being excited by the 488 nm laser. The presence of a single fluorescing microsphere
ii
is confirmed when pulses are detected in coincidence at fibres 1 (red emission) and 2
(green emission) respectively. The detection efficiency was then calculated by carrying
out this process at different flow rates. Single nucleic acid molecules doubly tagged with
QDs (QD525 and QD655 streptavidin conjugates) fluorescing at 525 nm and 655 nm,
respectively, were successfully detected in our LOC device.
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Introduction
1.1 Background of lab-on-a-chip
The introduction of the micro-total analysis system (µTAS) concept has promised to rev-
olutionise chemical analysis [1, 2], synthesis [3, 4] and biotechnology [5, 6], by combining
processes such as mixing, separation, reaction and detection in a single device. In the
1970s, the first µTAS device, a gas chromatography analyzer, was fabricated on a silicon
wafer to separate a simple mixture in seconds [7]. Although this device was remarkable,
µTAS did not get much attention until the early 1990s when several articles about minia-
turized analysis systems fabricated in inorganic materials were published [5, 8, 9, 10, 11].
Since then, µTAS has grown rapidly, and today it also known as lab-on-a-chip (LOC)
technology which has became one of the hottest research areas in analytical chemistry and
biochemistry [2, 12, 13, 14]. One question frequently asked is: What are the differences
between µTAS and LOC? In the Nature review by Dittrich and Manz [15], they have
answered this question and the main details are shown in table 1.1.
Recently, LOC devices are used to perform biological testing such as DNA sequencing,
immunoassays, and gene expression analysis for point-of-care (POC) and on site envi-
ronmental, medical, forensics, and biohazard detection [14, 15, 16, 17]. Of interest is
developing techniques and sensors, not only to selectively identify target compounds even





An integrated system that performs all steps in an
analysis - that is, sampling, sample pre-treatment,
sample transport, chemical reactions, analyte separa-
tion, product isolation and detection in a microfluidic
chip. First defined in 1990, µTAS emphasizes the an-
alytical function of a microfluidic chip.
LOC (Lab-on-a-
chip)
Lab-on-a-chip is a term widely used for any kind of
research with the goal of miniaturizing chemical and
biological processes. It is not a well-defined scientific
term. Lab-on-a-chip technologies include microfluidic
chips as well as non-fluidic miniaturized systems such
as sensors and arrays (the so-called biochips).
Table 1.1: Definitions of µTAS and LOC by Dittrich and Manz [15].
numbers of samples. Conventional biological assays are highly repetitive, labor intensive,
and require microliter volume samples. The associated biochemical protocols often require
days or weeks to carry-out at a cost of hundreds of dollars per test. Problems remain in
detecting and quantifying low levels of biological compounds reliably, conveniently, safely
and quickly. Solving these problems will require the development of new techniques and
sensors, not only to selectively identify target compounds, but also to assay large numbers
of samples.
Convention clinical platforms for performing such testing are bulky and are charac-
terized by large power consumption and require large amounts of reagents, making them
ill-suited for such applications. Moreover, the complexity of biological systems makes test-
ing expensive, labor intensive, and time consuming, often requiring the experiments to be
repeated several times to achieve the required level of reliability. To sum up, the success
of LOC devices at advantages such as:
• A decrease in reagent consumption and waste.
Low sample volume requirement, which bring advantages such as less waste for
environmental pollution, lower costs of expensive reagents and less sample fluid is
3used for diagnostics.
• A reduction of cost per analysis.
Lower fabrication costs with the use of polymeric material. Single use, cost-effective
disposable chips can be fabricated using mass production technique.
• Faster analysis and results within a few seconds.
In addition, efficiency will also be improved due to short mixing times (short diffusion
distances), fast heating (short distances, high wall surface to fluid volume ratios,
small heat capacities).
• Safer chemical experiments and reactions.
Safer platform for chemical, radioactive or biological studies because of large inte-
gration of functionality and low stored fluid volumes and energies.
• Improved data quality.
Massive parallelization due to greater complexity of the chip, which allows high-
throughput analysis.
• Better controllable process parameters in chemical reactions.
Faster response of the system (e.g. thermal control for exothermic chemical reac-
tions).
• Compactness of the systems.
Large integration of functionality on one chip enable portable devices for far reaching
applications.
Today, µTAS and LOC are now a global business due to benefits offered by miniatur-
ization and commercial uptake is expected to further increase [14, 16, 17]. These steady
uptakes of LOC technologies both within commercial and academic environments is ex-
ploiting various methodologies in micro or nano fabrication. Many types of materials (both
inorganic and polymeric) have been evaluated as LOC device substrates [19, 20, 21]; more-
4over,various methods have been developed for device production, surface modification and
integration for different detection methods [21, 22, 23, 24, 25, 26, 27].
1.2 Motivation for research
A LOC device can utilizes different concepts from different disciplines. It is typically
composed of sample inlets and outlets, sample amplification units (such as polymerase
chain reaction or PCR), reaction chambers, and a detection mechanism. LOC devices
require design in terms of materials, structures, fluidics, and signal processing. Ideally,
the LOCs should be small, portable, easy to use, and inexpensive. These properties
are in direct contrast to the currently used biological analyzers, which are typically large,
expensive, and may require specially trained personnel to properly operate them [28]. This
does not mean that the commercial analyzers currently being used are inferior and should
be replaced. In fact, it is usually because they are capable of performing a wide variety
of tasks that they are expensive and require skilled users. Consequently, the equipment
might be used for both simple as well as complex analysis. This is an inefficient use
of costly machines and skilled technicians, and can be remedied by specifically designed
LOCs. By designing various LOCs to do some of the simple tests that are currently
being performed by the commercial analyzers at the main laboratories, their use can help
alleviate the burden placed on these facilities and improve patient care in terms of the
speed of diagnosis. Some of the commercially available LOC devices are blood glucose
test strip, pregnancy test strip, i-STAT R© [29], GeneChips R© [30] and etc. Since LOCs are
easy to use and portable, these device can be used anywhere. By using LOC devices, a
physician may now be able to directly perform tests on the sample at the clinic or in the
field thereby leading to reduce the operating cost and faster turnover time. In addition,
because of the reduced dimension of LOCs, smaller amounts of reagents and samples are
required, which will also result in a corresponding decrease in wastes or by-products. The
overall outcome is a lower operating cost since fewer accessories and consumables are
needed.
5A variety of biological tests being performed are based on the principle of fluorescence.
Although there are several other detection methods, such as those based on chemical,
thermal, or electrical properties, optical detectors are predominant due to their sensitivity
and repeatability [25, 31, 32]. Applications of these tests can include determining the
presence and concentrations of pathogens, cells, nucleic acids, and proteins. Identification
is also possible by targeting specific antibodies that are unique to the specimen and mon-
itoring a corresponding fluorescent response. Thanks to the advancement of technologies
in optical equipment and detectors such as photon counting modules and CCD cameras,
single molecule fluorescence detection in microfluidic devices is becoming a favorite among
the detection methods in this field [33, 34]. In a review by Dittrich and Manz [18], they
concluded that this method leads to many mutual benefits for analytical research. Sin-
gle molecule fluorescent detection in microfluidic devices enables ultra-sensitive analysis
[35, 36, 37], using ultra low concentration of fluorophoroes (typically fM-pM) in mixtures
without separating the sample. The required sample volumes for the LOC device are
also extremely low (µL-nL). This combination also guarantees high molecular efficiency
and also that individual molecules could be counted, localized and tracked [38]. More-
over, using appropriate assays, binding and cleavage reactions or conformational changes
can be observed directly with excellent temporal resolution, which can contribute to drug
screening and medical diagnostics [36, 39, 40, 41].
Therefore, as a result of their numerous applications, a single molecule fluorescence
detection system for LOC devices is the focus of this thesis. By helping to bring the
fluorescence detection capability to LOC devices, it is hoped that the full potential of
LOCs can be realized. Fig. 1.1 shows the design approach adopted here for the laser-
induced fluorescent (LIF) detection LOC devices. The fluid to be analyzed is flowed along
a microchannel, to which is connected two pre-aligned embedded optical fibres. Doubly
fluorescence tagged particles (tagged with different colours) are identified by means of
coincident detection of the coloured photons via the optical fibres as shown in fig. 1.1











































Figure 1.1: Schematic drawing of the LIF detection LOC device. (a) the LOC device
before laser excitation. The fluid to be analyzed is flowed along a microchannel, to which
is connected two pre-aligned embedded optical fibres. (b) the laser excited doubly fluores-
cence tagged particles (tagged with different colours) are identified by means of coincident
detection of the coloured photons via the optical fibres.
1.3 Objective
There are four primary objectives of the project. These are:
1. To apply the proton beam writing technique and soft lithography to fabricate the
LOC device. This involves fabricating high aspect ratio structures with smooth side
walls.
72. To include optical functionality in the LOC device.
3. To characterize the LOC device’s detection efficiency, in particular the detection
region’s spatial homogeneity, and the limit of detection at different flow rates.
4. To test the LOC device using nucleic acid tagged with quantum dots (QDs).
1.4 Outline
In this dissertation, there are four main chapters which describe the fabrication and char-
acterization of the LOC device for single molecule detection.
In chapter 2, some basic theoretical background of microfluidics is discussed.
Insights into the design of the LOC device will also be provided in chapter 3. The
fabrication technique, proton beam writing (PBW) and PDMS as the material choice are
discussed in depth.
To characterize the fabricated LOC device, chapter 4 presents the experimental setups
and characterization methodologies. The type of integrated optical elements for detec-
tion are described and characterization experiments are presented. This includes spatial
collection and detection efficiency.
Chapter 5 describes final testing of the LOC device on single nucleic acid molecules
doubly tagged with dual-color fluorescence biomarkers, using FluoSpheres R© and quantum
dots (QDs).
Lastly, chapter 6 provides a brief summary of each of the results obtained from chapters
3, 4 and 5. The main points are once again reviewed and possible extensions or additions
to the device in terms of future work suggested.
Chapter2
Microfluidics - Theoretical aspects
At the length scales down to the order of micrometer, many micro-phenomena, such as
fluid characteristics, have to be re-evaluated. Microfluidics can be described in crude terms
as miniaturized plumbing. It involves the handling and transport of minute volumes of
fluids by gravity, pressure and electrokinetics through various machined manifolds with at
least one dimension less than 1 mm. [1 nL = (100µm)3]
A good background of microfluidics theory is essential when deciding a LOC device’s
design criteria. Although the details of this field can be found in many reference textbooks,
[21, 42], a short description is summarized here to help the readers understand the design
features of the LOC device.
2.1 Fluid and flow characteristics
Fluid flow is classified into one of two broad characteristics or regimes. These two flow
regimes are laminar flow and turbulent flow, which are important in the design and oper-
ation of any fluid system. The amount of fluid resistance, which determines the amount
of energy required to maintain the desired flow, depends upon the mode of flow.
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92.1.1 Reynolds number
The transition between laminar and turbulent flow can be predicted using the concept of





where ρ is the fluid density, v is the characteristic velocity of the fluid, η is the fluid
viscosity, and Dh is the hydraulic diameter. The hydraulic diameter is a computed value





where A is the cross-sectional area and P is the wetted perimeter, which is the entire
perimeter that is in contact with the liquid. The Reynold’s number is equivalent to the
ratio of the inertial forces, ρv to viscous forces, η/Dh and is used to quantify the relative
proportions of these important forces for any given flow conditions. It is therefore employed
to define different flow regimes, for example, laminar and turbulent flows.
If Re < 2300, as calculated by the above formula, generally indicates a laminar flow.
As Re approaches 2300, e.g. by increasing the flow speed, the fluid begins to show signs of
turbulence, and as Re becomes greater than 2300 the flow is considered to be turbulent.
Under this regime, inertial forces are dominant. Schematics of these two regimes are shown
in fig. 2.1. In microchannel, due to the small dimensions, microflows are predominantly
laminar, since the velocities of flow would have to exceed the speed of sound before the
onset of turbulence. For flows confined on the micrometre scale, viscous forces in the fluid
dominate over inertial forces and the flow has damping non-linearity.
2.1.2 Laminar flow and turbulent flow
Laminar flow is defined to be the condition where a particle’s velocity in a fluid stream
is not a random function of time. On the other hand, turbulent flow is chaotic and
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(a)     Laminar Flow
(b)      Turbulent Flow
Figure 2.1: Schematics of laminar and turbulent flow.
unpredictable. The position of a particle in the fluid stream as a function of time cannot
be deduced with theoretical model. Microscopic flows are universally laminar, hence the
flow is completely devoid of turbulence such that packets of fluid follow smooth streamlines.
2.1.3 Fluidic resistance
Fluidic resistance in microchannels is governed by a set of equations whose solutions are
well known. The flow rate within a microchannel is given by Q=∆P/R, where Q is the
flow rate, ∆P is the pressure drop across the channel, and R is the channel resistance.
The most common channel geometry, because of its presence in blood transport, is the






where η is fluid viscosity, L is the channel length, and r is the channel radius. The
dependency on 1/r4 implies that the fluidic resistance increases drastically as the channel
dimensions are reduced. For a rectangular microchannel with a low aspect ratio (i.e., w


















where w is the channel width and h is the channel height. The resistance of a rectangular






To design a microfluidic system, transport of microparticles or fluid is the most funda-
mental issue. Generally, fluid transport categorized into two different types - directed
transport and statistical transport. The difference lies mainly in the nature of the driving
force behind the transport.
First of all, directed transport is controlled by exerting work on the fluid. The work
results in a volume flow of the fluid, where the flow can usually be characterized by a
direction and flow profile. Hence, the work is often generated in two types:
• Pressure-driven flow
Flow that is driven mechanically by a pump, which based on pressure gradients.
• Electro-osmotic flow
Flow that is driven electrically by a voltage.
On the other hand, statistical transport is an entropy-driven transport, meaning trans-
port only occurs if, after transport, the fluid is more disordered than before. A typical
situation is the statistical transport of molecules which based on concentration gradient.
Molecules from higher concentration transport to the side with lower concentration. The
concentration will in time be equal in both regimes; the liquids are hence evenly mixed,
and the situation is less ordered than before. This statistical transport is called diffusion,
which is further discussed in section 2.2.3.
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Most of the time, a combination of these two types of transport is more realistic in
actual fluid flow. Mixed transport occurs when a directed transport meets a gradient of
some kind: e.g. a temperature gradient or a concentration gradient. The molecules in the
liquid follow the directed flow, while at the same time the gradient is being equalized. A
good example is forced-heat convection, in which there is a directed flow of molecules along
the side of the surface, with a heat-driven diffusion of molecules away from the surface.
2.2.1 Convection
In physics, convection often refers to mass transport by heat transfer. If there exists a
temperature difference and a gravitational field, warm layers of fluid will move into colder
regions arising from density difference. This phenomenon is also called free convection or
natural convection.
In a fluidic system, forced convection can also be exerted by external forces to create a
directed flow of the fluid. There are several ways in which forced convection can generate
directed flow in a microsystem. Mechanical and electro-osmotic pumps are the most
common way of generating a controlled flow, which is also call directed transport (section
2.2). Other forces, such as gravity, a pressurized air bladder, or the centripetal forces
in a spinning disk, can also be used to create a pressure difference in the microsystem.
Pressure-driven flow using a mechanical syringe pump is used in our LOC device (see
Chapters 4 and 5).
2.2.2 Migration
Ionized molecules experiencing a force and moving in an electric field is an example of
migration where the transport of molecules are directed by a driving force. These acceler-
ating ionized molecules would subsequently reach terminal velocity and cease to accelerate,
due to the drag force from the friction, it experience within the liquid. The coulomb force,
F , is given by
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F = qE (2.6)
where q is the charge on the molecule and E the strength of the electric field. Once the
molecules reach their terminal velocity, the columbic force is balanced by a drag force,
also called the Stokes force:
F = 6piηrv (2.7)
where η is the viscosity of the liquid, r is the hydrodynamics radius of the molecule, and
v is the speed of the molecules. The terminal speed of the molecules is reached when both
forces are equal and opposite, so that
qE = 6piηrv (2.8)
From Eq. 2.8 the terminal speed is calculated as
v = ϕE (2.9)





The relation in Eq. 2.10 is also true in three-dimension, in which both electric field and
the velocity are vectors. The electric field strength and the speed form the magnitudes of
these vectors.
2.2.3 Diffusion
As mentioned in section 2.2, diffusion is a statistical transport phenomenon. Diffusion
for a concentrated group of particles within a defined volume occurs when these particles
spreads in a random manner (Brownian motion) to achieve a constant average concen-
14
tration throughout that volume. In one dimension, diffusion can be approximated by the
Einstein-Smoluchowski equation x2 = 2Dt, where x is the average distance moved of a
particle after an elapsed time t between collisions, and D is the diffusion coefficient of the
particle. As elucidated by this equation, the distance varies to the square power, diffu-
sion becomes very important on the micrometre scale. As an example, hemoglobin (D =
7×10−7 cm2 s−1) in water takes 106 sec to diffuse 1 cm, but only 1 sec to diffuse 10 µm.
Therefore, in a 1 cm wide tube, diffusion of hemoglobin is usually neglected. However, in
a microchannel with 10 µm width, the distance traveled due to diffusion becomes signifi-
cant. At microscale, since the diffusion times become relatively short, microchannels can
be used to create concentration gradients having complex profiles [44].
Diffusion-driven mixing occurs in laminar flow. Fig. 2.2 shows a mixing experiment
where two streams of colour dyes were flowed in contact with each other in a microchannel
of 60 µm width. A lack of turbulent flow in the microchannel means that all mixing
can only be driven by diffusive effects between the two colour dyes, providing design
challenges in making microfluidic mixers that produce homogenous output in a compact
space. Therefore, if mixing at the micro-scale is requires then ways must be found to
maximize the interfaces between solutions to allow diffusion to act quickly [45].
(a) (b) (c)
Figure 2.2: Two color dyes flowing along the channel of 60 µm width and the length of
0.5 cm. The flow is laminar and mixing is by diffusion only.
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2.2.4 Pecle´t number
Molecular diffusion can act as an efficient and rapid mixing mechanism at extremely small
dimensions. However, even on the scale of many microchannels this mixing is relatively
slow in comparison with the forced transport of the material through the channel (see
fig. 2.2). However, in some systems directed transport and statistical transport may have
significant contributions depending on the circumstances and geometries of the microfluidic






where d is a characteristic length of the microfluidics system.
If the Pecle´t number is much smaller than 1, then statistical transport, i.e. diffusion
dominates the microfluidic flow, and directed flow is secondary in importance. If the
Pecle´t number is much larger than 1, then the flow of molecules are mainly driven by
the external force, i.e. predominantly directed transport, and diffusion has only a minor
influence. In microsystems, the flow velocities are usually comparatively small. Hence, the
channel lengths d is the first criteria that determines the Pecle´t number. For long enough
channels, the Pecle´t number is always larger than 1, and the flow is thus directed.
Both Pecle´t number and Reynolds numbers are often used in hydrodynamics to give
quantitative information about the importance of a given type of flow phenomenon in a
system. Knowledge of the length and width of a microchannel, the average speed of the
fluid and the diffusion constants of the molecules of interest allows us to calculate the
microchannel’s Pecle´t number which in turn allows us to compare the effect of diffusion
and the directed flow. The obtained information is vital for the design of microfluidic
systems.
Chapter3
Design and fabrication of lab-on-a-chip
This chapter focuses on the fabrication of an integrated of fluidic/photonic LOC system
and describes design, fabrication and material used. Sensitive detection using a microflu-
idic analytical device is a challenge because of the extremely small detection capacities
available (micro- or nano-liters) combined with low-concentration solutions. Hence, design
planning is important. The basic design approach for the LOC devices is shown in Chap-
ter 1, fig. 1.1. A description of this design, the material used, and the optical systems
employed are described in this chapter.
3.1 Design for integrated fluidic/photonic LOC system
Optical techniques play a central role in chemical and biochemical analysis and it is at-
tractive to adopt these in LOC system [8, 46]. During the past decade, a wide range of
such microsystems have been realized based on external light sources and photo-detectors
[17]. However, the coupling of optical signals in and out of the microfluidics device is
one of the major challenges in integrated optics. Thus, depending on the application and
the requirements of the LOC system, the most suitable method and modules should be
chosen. Typical modules are outlined in fig. 3.1. The most widely used optical intercon-
nection methods are optical fibres and free-space optical elements such as lenses, mirrors
and filters to guide light into the optical network and also to collect optical signals from
16
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the same fluidic channels.
Light source



















Figure 3.1: Flowchart of the basic units of a typical microfluidic system based on optical
detection.
For the light source, light amplification by stimulated emission of radiation (laser)
is a very popular choice because it has high optical power, is highly directional, and is
monochromatic, which means that the light is confined to a very narrow wavelength range.
A major limitation of lasers is that they are often large and expensive. Another popular
choice is the light-emitting diode (LED), because of its very small size (a few millimeters
in extent). However, its smaller optical output power is often a limitation.
On the detector side the two most popular types are the photomultiplier tube (PMT)
and the semiconductor photodiode. The PMT internally amplifies the detected signal
which enables measurements at low light levels. A photodiode is a type of photodetector
capable of converting light into either current or voltage, depending upon the mode of
operation. An avalanche photodiode detector (APD) is a highly sensitive semiconductor
electronic device that exploits the photoelectric effect to convert light to electricity. APDs
can be thought of as photodetectors that provide a built-in first stage of gain through
avalanche multiplication.
In an integrated microfluidic optical device, many types of optical detection meth-
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ods can be adopted, e.g. absorption, fluorescence, evanescent-wave sensing, etc. The
most commonly used optical detection system is laser-induced fluorescence (LIF) detec-
tion which is discussed in next section.
3.1.1 Laser-induced fluorescence detection method
Fluorescence measurement is widely used because very low limits of detection can be
achieved - it is even possible to measure single molecules. It involves excitation of an
electron to a higher-energy state due to absorption of a photon, followed by a relaxation
of the electron to the lower-energy state resulting in emission of photons and dissipation










Figure 3.2: (a) Energy diagram showing the concept of fluorescence. A photon with energy
E1 is absorbed, and a photon with lower energy E2 is subsequently emitted. (b) Schematic
drawing showing the isotropic nature of the emitted light.
Fluorescence spectroscopy is based on the fluorescent properties of the biochemical
itself, or the fluorescent biomarker attached covalently or not to the biochemical. By
choosing the appropriate fluorescent biomarker that will attach specifically to the desired
biomolecule, a very precise and selective measurement can be achieved with the detec-
tion limit down to single molecule detection (SMD). Conventional microscopes have been
adapted for such a purpose and contain the following design features,
1. A light source with a wide spectrum and a high output power;
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2. A set of lenses and collimator that are aligned and can focus light onto a small area
with a high power density;
3. A set of filters that can avoid direct coupling between the light source and the
detection device;
4. A very sensitive detection device that can amplify the received fluorescent signals
and achieve single molecule detection.
As mentioned in section 3.1, the most suitable method and modules should be chosen
in order to achieve a highly sensitive detection for the LOC system. For our LOC design,
a laser is used as excitation light source and laser-induced fluorescence (LIF) is employed.
In order to maximize the detection of the fluorescence emission, APDs are employed as the
detection device. To reduce the amount of excitation light at the detection wavelength
entering the photodetector and also to prevent photobleaching of the fluorophoroes, a
suitable band-pass emission filter or neutral density (ND) lens is utilized. For multiple
wavelength detection (more than one colour detection), several emission filters of different
wavelength band pass, dichroic filters and APDs are used.
3.1.2 Optical fibres
The design approach of the device is to detect coincident photons from the same fluorescent
particle as shown in fig. 1.1. Light from the laser is focused into a region in the microfluidic
channel, fluorescence emission from the particles flowing through the microfluidic channel
are collected by two oppositely aligned optical fibres. The geometry is arranged such as to
minimize scattered light from the source being collected by the fibres. This concept has
also been adapted by other groups [47, 48, 49]. Optical fibres are useful because they act
as a waveguide, where the electromagnetic waves can be guided from one point to another
without loss, and the photons remain laterally confined along the direction of travel. The
principle works due to the phenomena of total internal reflection and is a consequence of
Snell’s Law.
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Basically, a fibre has a structure as shown in fig. 3.3. From the center to the outside,
the fibre consists of a core which guides light and a cladding layer which supports the
core. The buffer layer and sheath provide protection against abrasion and external forces.
The refraction index, n, for the cladding layer is lower than the core so that the fibre can
direct light due to total internal reflection. Light is guided through the core without loss,







Figure 3.3: Fibre structure.
Fig. 3.4 shows the propagation of light down the fiber-optic cable using the principle of
total internal reflection. In optics and physics, Snell’s law is a formula used (Equation 3.1)
to describe the relationship between the angles of incidence and refraction, when referring
to light or other waves passing through a boundary between two different medium with
different n. When a wave propagating in a medium of higher index encounters an interface
with material of lower index, n1 > n2, the wave can be totally internally reflected back
into the higher index material when the angle of incidence to the normal of the interface
is less than some critical angle θc, Equation 3.2.





Referring to fig. 3.4, a light ray is injected into the optical fibre on the left. If the
light ray is injected such that θ2 is greater than the critical angle, θc, then total internal
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reflection will take place without loss. Only if θ2 is less than the θc will losses occurs and










Figure 3.4: Total internal reflection
The optical fibre also has a numerical aperture (NA). The NA is given by the following
equation 3.3.
NA = sin θ1 =
√
(n21 − n22) (3.3)
From a 3-D perspective, to ensure that the signals reflect and travel correctly through
the core, the light must enter the core through an acceptance cone derived by rotating the
acceptance angle about the cylindrical fibre axis. As illustrated in fig. 3.5, the size of the
acceptance cone is a function of the refractive index difference between the core and the
cladding. There is a maximum angle from the fibre axis at which light can enter the fibre
so that it will propagate, or travel, in the core of the fibre. The sine of this maximum
angle is the NA of the fibre. Fibre with a larger NA requires less precision to splice and
work with than a fibre with a smaller NA. Single mode fibre has a smaller NA than a
multi mode fibre.
It would, in theory, be possible to simply have a tube of glass of uniform refractive index
acting as the core, with air cladding as the outer cladding. This is possible as nglass > nair.
This type of implementation does not generally work well because an unprotected core
may be subjected to scratches, dirt, and oil on the surface. Surface structures such as this
lead to loss in the transmission of light. This is illustrated in fig. 3.6.
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Figure 3.5: Acceptance cone
Figure 3.6: Problems associated with a glass-air interface.
Integration of etched optical fibres
Earlier on it was mentioned that a single mode fibre has a smaller NA than a multi mode
fibre. Whether or not the fibre acts as a single or multi mode depends on the core diameter.
Single mode occurs when the fibre has a core diameter below 9 µm; whereares multi mode
occurs when the diameter is above 9 µm. Normally, the cladding layer of commercially
available fibres is 125 µm with the buffer layer of 250 µm. Since the featured microchip
has a channel height below 100 µm, the fibre cladding has to be etched down to around
50 µm for it to be embedded in the channel.
Here, multi mode bare optical fibres (AFS50/125Y, NA 0.22, 50µm core multi mode
Vis-IR fibre, Thorlabs, USA) are integrated into our LOC device to transmit the photons
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from the fluid channel to the photon detectors. The fibre core and cladding layer are made
of glass which require strong corrosive chemicals for etching. The protective buffer layer
is immersed in 24 % hydrofluoric acid (HF) for about 2 hours 30 minutes which reduces
the diameter to ∼ 40 µm, as shown in fig. 3.7. The etched optical fibres are cleaved
using an optical fibre cleaver tool (Fujikura, UK). To prevent dirt remaining on the etched
optical fibres, they were cleaned with ethanol and blow dried. The etched optical fibres
are carefully inserted into machined trenches using a micromanipulator. The fabrication
of the trenches will be described later. Once the fibres are in place, they can be fixed
using non-sticky black adhesive tape. In this way, the fibres can be made reusable as long
as they are removed carefully. Fig. 3.10 shows how the optical fibres are aligned in the
machined trenches.
Figure 3.7: Multi mode optical fibres showed it before (a) and after (b) etched with 24 %
HF for about 2 hours 30 minutes.
3.1.3 Design planning
The motivation of my thesis, the basic idea on the design approach for LIF detection LOC
device was discussed in Chapter 1.2. Previous work on integrated optical fibre polymer
microchips using LED-induced fluorescence detection has been reported. Guo et. al. [48],
Miyaki et. al. [47] and Liu et. al. [49] have reported on the concept of integrated optical
fibre polymer microchips with LED-induced fluorescence detection. They shared the same
problem on polymer shrinkage as the optical fibre is integrated into the microchip during
the polymerization process. Guo et. al. [48] has agreed that the nearer the optical fibre is
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located to the microchannel, the more efficient the fluorescence signal collection. However,
the distance between the integrated optical fibre and microchannel in his device was 100
µm which we assume was the optimal value in order to minimize distortion of the channel
during the assembly in his design.
In this section, we describe the requirements of an efficient integrated fluorescence
detection system design. Several designs were considered and are described in subsequent
sections.
LOC design requirements for integrated microfluidic and optical integration
1. Compatible with fibre optic
2. Efficient optical coupling and detection efficiency
3. Avoid blockages in the microfluidic channel, which leads to increase device lifespan
4. Compatible with scaling down to smaller dimensions and integration with other
components
5. Minimize LOC device fabrication time and cost
6. Minimize LOC device analysis time
Of these, the efficiency of photon collection and the reduction of Signal to Noise drove
the design decision most significantly as these directly affect the sensitivity of the device.
To reduce the noise accepted by the detection system, we need to minimize scattered
light from the primary source. Smooth side walls of the microfluidic channel is crucial in
this aspect. Hence we used PBW fabrication technique which is described in section 3.2
to achieve this purpose. To detect co-incident photons, preliminary LOC system designs
utilize a microfluidics channel with two oppositely aligned optical fibres embedded in
polymer, e.g. PDMS (as shown in fig. 1.1). Three possible configurations were fabricated
and evaluated as follows.
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Design 1: Double coincidences detection
During the preliminarily stage, a design was considered which consisted of two pairs of
oppositely pre-aligned optical fibres inserted in trenches located side by side at a distance
of 50 µm coupled to a microfluidics channel of width 30 µm (see fig 3.8). The gap between
the optical fibre trench to the microfluidics channel is 20 µm (fig.3.11(a)). This approach
was to double-confirm a coincident event from the same doubly fluorescence tagged particle
moving down the microfluidic channel.
The original multi mode optical fibre has a diameter of 125 µm. Removing the buffer
layer and subsequent etching reduced the diameter to 30 µm without significant degra-
dation in quality. Hence, the height of the microfluidic channel and the optical fibre’s




Figure 3.8: Optical images of the SU-8 master mold of the LOC device: (a) the distance
between the two pairs of oppositely pre-aligned optical fibre trenches is 50 µm; (b) the
close view of the rectangular trenches for optical fibre alignment.
For further improvement, liquid PDMS was used as a lubricant for the optical fibre
insertion and which also acted as a cladding material to improve collection efficiency [50].
Details of the process are as follow: Firstly, liquid PDMS is deposited at the entrance of
the fibre trench in the LOC device. The liquid PDMS is driven into the fibre trench by
capillary forces. Secondly, the etched optical fibre is inserted with care into the trench using
micromanipulator and the positioning process was monitored using an optical microscope.
A fast way of curing the PDMS is to raise the temperature of the LOC in an oven. However,
it was found that differential expansion of the PDMS and the fibre resulted in distortion
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and shrinkage in the final design. However, by curing at room temperature for around
two days this affect was minimized (see fig. 3.10).
Design 2: Single coincidence detection using tapered fibre trenches
In this design, single coincidence detection techniques were employed. To improve the
ease of optical fibre alignment within the trenches, the trenches were fabricated using a
tapered design. As in design 1, liquid PDMS was also used as a lubricant to aid insertion
of optical fibre in the trench and also as a cladding of the optical fibre (see fig. 3.9). Also
in this design, we have incorporated a stepped entrance to the microfluidics channel so as
to reduce blockage of the channel itself. Any blockage artifact is expected to be trapped








Figure 3.9: Schematic drawing of the lab-on-chip device integrated optical fibre for single
molecule detection,(a) overall design; (b) Stepped entrance for trapping aggregated parti-
cles; (c) and (d) pre-aligned trenches for embedded optical fibres with 11 µm gap to the
microfluidic channel.
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Design 3: Air as fibre cladding
For design 3, the method of integrated optical fibre is different compare to previous two
designs. Here, optical fibres are etched to the range of 37 to 39 µm and these fibres
therefore are a tight fit in the 40 µm height optical fibre trenches. This approach greatly
shorten the production process since we now do not have to wait for several days for the
PDMS to cure.
Results and discussion
After a variety of preliminary designs and measurements, the following design was deemed
the most efficient. Design 1, which incorporated the double coincidence technique was
considered too complex to fabricate. Although the initial idea was to improve reliability
by measuring the double coincidence, preliminary experiments showed this approach to
be unnecessary. The complexity of the construction was not warranted for the return of
improved reliability. In design 2, the tapered optical fibre trenches eased the problems due
to insertion. The added lubricant of PDMS, which took several days to cure, was found
to be unnecessary. The stepped entrance to the microfluidic channel was also retained
since it did stop blockages in the microchannel. This will be discussed later. In design 3,
it was found that by using the tight fitting optical fibre design without PDMS lubricant
and coupled with the tapered trench, the fibre insertion production time can be reduced
to less than 15 minutes.
With experience of preliminary designs and experiments, the final LOC was designed
and the main features are as follow:
1. Microfluidic channel.
The fluidic design in this LOC device is relatively straightforward. A negative mas-
ter of the LOC was fabricated using the PBW technique in SU-8. The SU-8 master
was used as a mold for the PDMS LOC which in turn was bonded to a glass sub-
strate. Further details of this process is given in section 3.3. The microchannels was





Figure 3.10: Comparison on three proposed designs after integrated etched optical fibre.
(a) and (b) Design 1 and 2 were using PDMS lubricant as the etched fibre cladding. From
here, the fibres were pulled away from the microfluidics channel due to the jacket of the
fibre has the different expansion coefficient from the core and cladding layer. (c) Design 3
which using air as etched fibre cladding.
designed to be 25 µm which from preliminary experiments appeared to be a good
compromise between flow rate (the wider the channel the greater the flow rate), and
detection efficiency (the narrower the channel the higher the detection efficiency).
The final dimension of the microfluidic channel measured 25 µm (Width) by 40 µm
(Height) by 1 cm (Length).
2. Gap size in between the end of the fibre trench and microfluidic channel.
There is a compromise between the proximity of the end of inserted optical fibre (the
end of the fibre trench) to the microchannel. In order to maximize detection efficiency
the gap should as small as possible as mentioned earlier [47, 48, 49], whereas too
small a gap leads to assembly problems in which damage and distortion can easily
occur. Fig. 3.11 shows the different geometries studied, indicating gaps of 20 µm,
11 µm and 5 µm. A 11 µm gap in this case was considered a suitable compromise.
3. Microfluidic channel inlet geometry.
Blockages in microfluidic channel is a common problem that greatly affects LOC
device’s operation and lifespan. In order to allievate this problem, we have integrated
“steps” along the side wall prior to the inlet of the LOC device to trap unwanted
aggregates (see fig. 3.12). The stepped inlet design was subsequently tested using




Figure 3.11: Microscope images of the PDMS replica of the LOC device: (a) preliminary
design with the gap size between the optical fibre insertion trench and microfluidic channel
of 20 µm, (b) a gap size of 11 µm and (c) and gap size of 5µm.
Co., Singapore. 50 nM in phosphate buffered saline (PBS)). This stock of QD525
contained aggregations and was ideally used to test the stepped design. Results of
this experiment are as follow: The QD525 solution was introduced into the LOC
device using a pressure driven syringe pump ( this is described in more details in a
later section).
Figure 3.12: SEM image of PBW fabricated SU-8 negative master mold on the “steps”
inlet
Fig. 3.13 shows unwanted aggregates from QD525 solution are trapped along the
side wall steps prior to the inlet port. By illuminating with 488 nm laser light, it
can be observed that the QDs do not make up this aggregate. The composition
of this aggregate is currently unknown. However, this design of inlet helped to
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minimize blockage of the microfluidic channel by these aggregates. This feature




Figure 3.13: Optical images of the PDMS replica of the LOC device: (a) inlet integrated
“steps” before 50 nM QD525 (streptavidin conjugates in phosphate buffered saline (PBS))
is introduced; (b) Fluorescent image of the 50 nM QD525 (streptavidin conjugate) precip-
itates which are trapped along the side wall’s steps prior to the inlet valve.
4. Tapered optical fibre trench.
The LOC’s design incorporated tapered trenches for easy insertion of etched optical
fibres during the assembly process. In spite of this being a delicate assembly step,
by using micromanipulators and monitoring the assembly using a microscope, this




Figure 3.14: Optical images of the SU-8 master mold of the LOC device: (a) pre-aligned
optical fibre trenches; (b) the overview of the tapered optical fibre trenches.
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Figure 3.15: Current layout of the Singletron facility at the CIBA, NUS, Singapore, show-
ing the five beam lines. From left to right: the 10◦ beam line: micromachining for PBW;
20◦ beam line: next generation PBW facility; 30◦ beam line: cell and tissue imaging;
45◦ beam line: nuclear microscope; 90◦ beam line: high-resolution magnetic (Rutherford
backscattering spectrometry, RBS) spectrometer.
Proton beam writing (PBW) [51, 52] is an emerging maskless lithographic technique
which uses a focused beam of MeV protons to direct-write on a suitable material - e.g.
photo resists like PMMA and SU-8 or inorganic materials like phosphate glasses. The
latent image formed in the resist material is subsequently chemically developed. Three-
dimensional (3-D), high aspect ratio micro-components with straight and smooth sidewalls
have been produced using this maskless technique [53, 54, 55]. For our fluorescence detec-
tion LOC device, a smooth-wall microchannel is important to improve the device’s Signal
to Noise Ratio (SNR) by reducing the amount of scattered light. Hence, an SU-8 master
mold was fabricated using PBW in Center of Ion Beam Applications (CIBA), Department
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of Physics, National University of Singapore (NUS), Singapore. The final LOC was pro-
duced using soft lithography in PDMS and bonded to a glass substrate. Further details
of this process are described in section 3.3.
The proton source of the PBW facility is the 3.5 MeV Singletron accelerator from
High Voltage Engineering Europa (HVEE). The CIBA facility comprises the Singletron
accelerator, a high energy 90◦ analyzing magnet, a high energy switching magnet, and
five beam lines (as shown in Fig. 3.15). Different applications are carried out in different
beam lines, the 10◦ beam line is mainly for micromachining; 20◦ beam line is the next
generation PBW facility under development; 30◦ beam line is for cell and tissue imaging;
45◦ beam line is a nuclear microscope and 90◦ beam line is a high-resolution Rutherford
backscattering spectrometer used for surface studies. The PBW described in this thesis
utilized the 10◦ beam line.
3.2.1 Proton beam writing instrumentation
Singletron Accelerator
The beam of protons used in PBW was provided by the 3.5 MeV high brightness High
Voltage Engineering Europa SingletronTM ion accelerator. The high energy stability of
the particle accelerator coupled with the high brightness of the ion source used is useful
for PBW. A radio frequency (RF) ion source is used to deliver ions such as protons, alpha
particles (He2+) and molecular hydrogen (H+2 ) to the PBW end station.
Magnetic focusing system
Focusing of the MeV protons is achieved by means of the high demagnification OM52
magnetic quadrupole lenses from Oxford Microbeams. The triplet lens system operates
with an object distance of 7 m and an image distance of 70 mm, enabling a demagnification
of 228 in the horizontal and 60 in the vertical directions. With this lens system, MeV
proton beams can be focused down to sub 100 nm size.
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Beam blanking system
During the writing process, the ability to “switch off” the proton beam is essential in order
to prevent unwanted exposure of the resist. A blanking system (Fig. 3.15) is therefore
employed to deflect the proton beam from its original propagation path when necessary.
The blanking system employs a strong electrostatic field created between two electrodes
which positioned near the switching magnet. The blanker is powered by a high-voltage
fast-switching amplifier that can be turned on and off remotely by computer, enabling fast
beam blanking in less than 1 µs.
Beam scanning system
The manipulation of the energetic proton beam to follow a predefined path can be achieved
by using either a magnetic or electric field (Fig. 3.16 (a)). By controlling the current that
flow through a set of electromagnetic scan coils with an OM40e dual scan amplifier, a
maximum scan area up to 0.8 × 0.8 mm2 in a single scanning field can be achieved.
However, there is a limitation to the scanning speed due to the relatively long settling
time of the magnetic scanning coils. As a solution, an electrostatic scanning system has
been introduced with an improvement of speed by a factor of two orders of magnitude. On
the other hand, stage scanning, where the proton beam remains stationary while moving
the stage, is an alternative scanning mode for scan area greater than 0.4 × 0.4 mm2.
The required patterns were scanned using the computer program, Ionscan [56], developed
in-house.
Target chamber
The target chamber is a custom made cubic stainless steel chamber that is mounted on
an optical table to minimize undesired vibrations. A turbo pump is connected to the
chamber such that the writing process can be carried out at a vacuum of 2 × 10−5 mbar
or less. As shown in Fig. 3.16 (b), a computer controlled Burleigh Inchworm XYZ stage






















Figure 3.16: (a) End station of PBW facility on optical bench. (b) Inside the target
chamber
is installed in the target chamber. In order to monitor the position of the sample, an
imaging system which consists of an optical microscope connected with a CCD camera is
used. In addition, an annular RBS detector is installed for exposure dose normalization
and a channeltron electron detector is used for beam focusing and imaging through the
detection of proton induced secondary electrons.
3.2.2 Unique characteristics of proton beam writing
When high energy protons enter a material, the resulting path mainly depends on elec-
tronic collisions. Due to the fact that protons are overwhelmingly massive in comparison
with electrons (Mp:Me = 1800:1), the average energy transfer per ion-electron collision
is relatively small, and hence many thousands of collisions occur before the ion comes to
rest. The straight trajectory can be statistically simulated using Monte Carlo techniques
as reported by Udalagama et.al. [55, 57](e.g., a 2 MeV proton will penetrate 60 µm into
poly-methyl methacrylate (PMMA)).
Fig. 3.17 (extracted from [55]) shows the simulation of the radial deposition of energy
for 2 MeV protons and 100 keV electrons respectively. As compared to e-beam writing,
spreading of the focused protons beam is minimized and thus makes PBW particularly ap-
pealing in fabricating three-dimensional, high aspect ratio structures with vertical, smooth
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a) b)
Figure 3.17: Pictorial representation of the radial deposition of energy for 2 MeV protons
(a) and 100 keV electrons (b) for a 5 µm thick layer of PMMA (Extracted from [55]).
sidewalls and low line-edge roughness [51, 52]. In addition, PBW also exhibits minimal
proximity effects (unwanted exposure from scattered electrons), which is attributed to
the fact that this secondary electrons induced in proton/electron collisions have relatively
lower energy.
The unique characteristics provided by proton beam technology have been demon-
strated in many reported works [58], for examples fabrication of 3-D nanostructures
[52, 59], photonics applications (e.g. waveguides) [50, 60, 61, 62], fluidics applications
(micro-fluidic devices and LOC) [63, 64, 65, 66], silicon micromachining and silicon pho-
tonics [67, 68, 69], biomedical and bio-imaging [70, 71] and etc.
3.2.3 Experimental process for fabrication using proton beam writing
In the previous section 3.1, the SU-8 master mold is fabricated using the mask-less direct
write lithography, PBW. SU-8 photoresist is a negative-tone and chemically-amplified
epoxy resin which has been shown to be very suitable for PBW. The name SU-8 is derived
from the eight epoxy groups present in the monomer structure. Fig. 3.18 schematically
shows the procedure to complete a PDMS device through PBW, PDMS casting, bonding
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and fibre integration.
Figure 3.18: Fabrication process flow for the proton-beam fabricated LOC device.
As the first step, a two-inch silicon wafer has been pre-prepared prior to coating. These
steps include surface cleaning using isopropyl alcohol (IPA) followed by deionized water
(DIW), blow dried using pure nitrogen and finished with a 5 minutes bake at 250◦C to
dehydrate the surface. SU-8 photoresist is then spun onto the silicon wafer at a rotational
speed of 2900 rpm to a thickness of 40 µm. The coated wafer undergoes soft bake at 65◦C
for 10 minutes and then 95◦C for 90 minutes as described in the manufacturer instructions.
The SU-8 coated silicon wafer is then exposed or irradiated by the focused proton beam
in order to polymerize the required regions. After treating the unpolymerized photo resist
twice for 2 minutes each using SU-8 developer (MicroChem, USA), a negative relief of
the channel structure is left on the wafer; this structure acts as a master mold for casting
PDMS channels using soft lithography techniques, see Section 3.3.3.
3.3 Polydimethylsiloxane (PDMS) as a material for LOC
devices
The first materials used for the fabrication of µTAS were silicon and glass, based on
semiconductor technologies [42]. Briefly, the main advantages of silicon lie in its supe-
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rior thermal conductivity. A drawback, however, is silicon’s optical opacity, which lim-
its its applications in real-time optical detection. Glass has well-characterized surface
chemistries, good electroosmosis flow (EOF) characteristic and superior optical trans-
parency [72]. However, polymer materials are now emerging as a suitable choice in this
field due to their rapid prototyping ability and because it is cheap, transparent and stable
[20, 73]. Polymer is also suitable for mass production. Some of the various polymers
typically used include poly(styrene), poly(propylene), PVC, poly(carbonate), poly(methyl
methacrylate) and poly(dimethyl)siloxane (PDMS). Among these, the soft polymer that
has shown a more recent significant increase in interest is the silicone rubber, PDMS [74].
PDMS is also bio-compatible and transparent, making this material ideally suited for our
LOC device.
3.3.1 Material properties of poly-dimethysiloxane
Poly-dimethysiloxane (PDMS) is a siloxane-based silicone elastomer and is the most pop-
ular soft material used as a substrate to replicate fluidic structures of a stamp or a mold
relief. It has a unique combination of properties resulting from the presence of an inor-
ganic siloxane backbone and organic methyl groups attached to silicon. The structure of
the polymer is depicted in Fig. 3.19.
Figure 3.19: The chemical structure and formula of PDMS is CH3[Si(CH3)2O]nSi(CH3)3,
where n is the number of repeating monomer [SiO(CH3)2] units.
The commercially available PDMS prepolymer kit is 50 times cheaper than silicon on




Optical Transparent; UV cut-
off, 240 nm; refractive
index, 1.47
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310 µm /(m · ◦C)−1
Can be used to insulate heated solution; does not
allow dissipation of resistive heating from elec-
trophoretic separation
Interfacial Low surface free en-
ergy, 20 erg cm−2
Replicates release easily from molds; can be re-
versibly sealed to materials
Permeability Impermeable to liquid
water; permeable to
gases and nonpolar or-
ganic solvents
contains aqueous solutions in channels; allow gas
transport through the bulk material but incom-
patible with many organic solvents
Reactivity Inert; can be ox-
idized by expo-
sure to a plasma;
Bu4N+F−((TBA)F)
Unreactive toward most reagents; surface can
be etched; can be modified to be hydrophilic
and also reactive toward silanes; etching with
(TBA)F can alter topography of surfaces
Toxicity Nontoxic Can be implanted in vivo; supports mammalian
cell growth
Table 3.1: Physical and chemical properties of PDMS.
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3.3.2 Surface chemistry and sealing
Surface chemistry of PDMS
PDMS has repeating monomer units of [SiO(CH3)2] groups (Fig. 3.19). This chemi-
cal structure leads to a hydrophobic surface and fast hydrophobic recovery after surface
hydrophilization [75]. This property make introducing aqueous solutions into the PDMS-
based microchannels difficult. Therefore, it is preferable to modify the PDMS surface
before introducing aqueous solutions.
In recent review by Zhou, et al. [22], there are three categories of PDMS surface
modification methods to render the surface hydrophilic: Gas-phase processing, wet chem-
ical methods and a combination of both. Gas-phase processing methods include plasma
oxidation, ultraviolet irradiation, chemical vapor deposition and sputter coating of metal
compounds. Wet chemical methods include layer-by-layer deposition, sol-gel coatings,
silanization, dynamic modification with surfactant [76] and protein absorption. However,
combination of both gas-phase and wet-chemical modifications shows the greatest promise
in terms of surface stability, short treatment time and a mild reaction condition.
Here, we have adopted the combination of air plasma treatment and dynamic surfac-
tant modification for the LOC device. Exposing the surface to an oxygen or air plasma can
make it become hydrophilic. Channels that have been treated with plasma can be kept
hydrophilic indefinitely by keeping the surfaces in contact with water or polar organic
solvents. An alternative method which we have used to good effect is to flow into the
microchannel, 0.1 % n-Dodecyl beta-D-maltoside (DDM) in DIW (Sigma-Aldrich, Singa-
pore). This chemical is a surfactant which effective in enhancing the hydrophilic property
of the PDMS walls [77]. For aqueous solution containing microspheres (e.g. FocalCheck
TM microspheres), 0.02 % DDM in DIW is added to the running buffer to render the
PDMS surface hydrophilic in situ. The PDMS wall is pre-treated using the 0.1% DDM
in DIW for 5 minutes and this treatment is repeated every alternate 15 minutes [75] to
avoid the hydrophilic property of the walls deteriorating [21, 78]. The hydrophobic tails of
the amphiphilic surfactant molecules were physisorbed onto the PDMS surface while the
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hydrophilic heads stick out into the buffer, thereby changing the PDMS surface properties.
The fact that there is no strong covalent bonding between the surfactant and the native
PDMS, and that desorption can take place, does not negatively impact on the surface
properties as long as dynamic replenishment of the desorbed species occurs from excess
surfactant in the running buffer during the analysis. In this fashion, surface modification
can be accomplished faster, cheaper and simpler.
Sealing
One of the prerequisites of fabricating an LOC is that any microchannels must be sealed
otherwise evaporation of the analyte will rapidly occur. One advantage of PDMS is that
the sealing procedure is comparatively simple compare with glass, silicon, or thermoplastics
[79]. There are two ways of sealing PDMS channels, in our case using glass slides:
1. Reversible sealing.
Reversible sealing utilizes the formation of van der Waals contact between two sur-
faces. PDMS is flexible and can conform to minor imperfections in a “flat” surface.
This method of sealing is watertight and fast occurs at room temperature. The re-
versible sealing breaks when PDMS is peeled off from the flat surface. This type of
sealing is weak and does not withstand high pressures (> 5 psi) in the channels. The
PDMS can be removed without leaving residue on the other surface, and resealing
can occur numerous times without degradation.
2. Irreversible sealing.
To form an irreversible seal, PDMS is exposed to air plasma etching for 1 minute.
PDMS comprises repeating monomer units of [SiO(CH3)2] groups (fig. 3.19). Ex-
posing a PDMS surface to air plasma introduces polar groups on the surface. Plasma
treatment is believed to generate silanol groups (Si-OH) on the surface of the PDMS
by the oxidation of methyl groups [80]. Surface-oxidized PDMS can seal to itself,
and many other materials including glass, silicon, polystyrene, polyethylene, or sil-
icon nitride, provided that these surfaces have also been exposed to air plasma.
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The seal withstands pressures of 30 - 50 psi. However, this method does not work
with all polymers, e.g., Saran polyimide, poly(methylmethacrylate) (PMMA) and
polycarbonate [73, 80].
Advantages of PDMS
From the material properties of PDMS as shown in table 3.1, it is by far the dominant poly-
meric material utilized for microchannel systems. This can be attributed to its numerous
salient features as summarized below:
• It is optically transparent down to 250 nm so it can be used for a number of detection
schemes (e.g., UV/Visible wavelength absorbance and fluorescence);
• It can be deformed reversibly;
• Features on the micron scale can be reproduced with high fidelity in PDMS by replica
molding;
• Since it is elastomeric, it will conform to smooth, non-planar surfaces, and it releases
from delicate features of a mold without damaging them or itself.
• It cures at low temperatures. The curing of liquid prepolymer can happen at a
temperature of 60 ∼ 90◦C or by UV cross-linking, forming complex structures in
several hours.
• Its surface chemistry can be controlled by reasonably well-developed techniques;
• It is nontoxic; mammalian cells can be cultured directly on it; and devices made
from it can be implanted in vivo;
• It can seal reversibly to itself and a range of other materials by making molecular
(van der Waals) contact with the surface, or it can seal irreversibly after exposure
to air plasma by formation of covalent bonds;
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3.3.3 Soft lithography
Soft lithography is a useful methodology for fabricating microfluidic devices [81, 82, 83].
It is particularly useful as a non-photolithographic technique for pattern replication and
enables rapid prototyping of devices. The method involves replication of a structure on
a master using a soft elastomer, e.g. PDMS. The process can be carried out in ambient
laboratory conditions; expensive cleanroom facilities are therefore not required to fabricate
features in the size range of 20 - 100 µm (the size range most relevant to microfluidic
systems used in bioanalysis) [84, 85].
In our case, the replica molding and rapid prototyping begins from the SU-8 negative
master which is fabricated by PBW (see section 3.2.3). The required structure is made in
PDMS by replica molding (Fig. 3.18). PDMS is prepared by thoroughly mixing the PDMS
pre-polymer and curing agent in a ratio of 10:1 by weight. The polymer is de-gassed under
vacuum to remove all gas bubbles created during mixing. Once done, the polymer mixture
is poured onto the SU-8 master mold, the process of de-gassing is repeated and the replica
cured at 65◦C for 4 hours. Inlet/outlet holes of the PDMS replica are formed using a
0.75 mm stainless steel needle puncher (Model Harris Uni-Core-0.75, Ted Pella, Inc, Ca
). The holes are cleaned with DIW and blown dry. The PDMS replica is sealed with a
clean glass slide after both substrates have been plasma oxidized using a plasma cleaner
(Model PDC-32G, Harrick Plasma, NY). This method of sealing creates an irreversible
bond. Finally, the bonded PDMS replica is integrated with etched optical fibres and the
sealed LOC microchannels are pre-treated with surfactant.
Chapter4
Characterization of the lab-on-a-chip
To demonstrate the device’s sensitivity, we have characterized the LOC device in terms
of its spatial detection homogeneity across the microchannel, and estimated the detection
efficiency.
4.1 Experimental Setup
All measurements on the LOC device were performed using an inverted microscope (Nikon
TE-2000-U eclipse) with an X, Y ,Z automated stage (Model MS2000-XYZ, Applied Sci-
entific Instrumentation, OR) in dark room conditions. A diagram of the experimental
setup is shown in fig. 4.1.
The excitation source is an 488 nm-diode laser, the light from which is reflected by a
dichroic mirror into the objective lens (0.70 NA, 60x, Nikon). The objective lens focuses
the light into the common detection region within the microchannel and any emitted flu-
orescence is collected by the integrated optical fibres as shown in fig. 4.1 (a). Fluorescent
photons emitted from the detection volume are detected by two APDs (Model SPCM-
AQRH-14, Perkin-Elmer Inc., Canada), and emission filters are used to reduce scattered
light. Due to the difference between the excitation and emission wavelength, filter lenses
are necessary to remove excitation and background noise. For fluorescence emission wave-
length peaking at 510 to 540 nm (green channel) and 640 to 670 nm (red channel), band
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pass filters which cover these range of wavelength are selected. In this work, 525/15 nm
, 655/15 nm of 25 mm diameter filter lenses (Semrock, Inc, USA) were chosen to avoid
cross-talk from the fluorescent biomarker’s emission signals. Lens systems for the green
channel and the red channel are mounted in slotted lens tubes together with the optical
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Figure 4.1: Schematic drawing of the experimental setup. Inset (a) shows the geometry of
the microchannel and pre-aligned embedded optical fibres with the 488 nm laser excitation
spot in the middle of the microchannel. (b) shows the actual experimental setup.
The wavelength sensitivity of the APDs extends from approximately 500 nm to 1100
nm, with a peak of 70 % quantum efficiency at 650 nm, as shown in fig. 4.2 [86]. In this
system, the detection efficiency of the green channel will therefore be lower than the red
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channel. To compensate for this efficiency imbalance, where possible, we have arranged the
concentration of green fluorescent dye in the analyte to be higher than the red fluorescent
dye for test purposes. Detected photons from both of the detectors are transmitted to a
hardware digital counter (National Instruments, Austin, TX) and a program written in
Labview TM (National Instruments, Austin, TX) is used to perform data acquisition and
on-line data analysis. The fluid to be analyzed is passed along the microchannel using
the pressure-driven flow of a syringe pump (Model KDS250, KD Scientific Inc., MA),




























Figure 4.2: Typical photon detection efficiency (Pd) vs Wavelength of APDs (SPCM-
AQRH-14, Perkin-Elmer Inc., Canada) which adapted from APD’s data sheet.
4.2 Characterization of Spatial Collection Efficiency
Essentially, it is important to collect the fluorescence from all particles traveling along the
microchannel. The collection efficiency from the detection volume between the oppositely
sited optical fibres should be near to 100% as possible, otherwise the sensitivity of the
device is reduced. To characterize the collection efficiency from the detection volume,
fluorescent signals from a homogenous fluorescent dye flowing through the LOC (1 nM
fluorescein (in DIW)) were collected while translating the LOC along the x-, y- and z-axes
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using a controllable stage. Since the fluorescein emission is at 521 nm, both optical fibre
channels are employed using the green filters described in section 4.1. Contour graphs of
the fluorescein’s photon count rates at different z-planes were plotted (Fig. 4.5).
4.2.1 Methods and Materials
In order to enhance the hydrophilic property of the PDMS channel walls, 0.1 % DDM in
DIW (Sigma-Aldrich, Singapore) was used to pretreat the PDMS wall as mentioned in
section 3.3.2. For characterizing the spatial photon collection efficiency from the detec-
tion volume, a homogenous fluorescent dye, 1 nM fluorescein (in DIW) (Sigma-Aldrich,
Singapore) was delivered into the microchannel at a flow rate of 0.01 ml/hr. In order to
prevent photo bleaching of fluorescein, the 488 nm laser power was optimized to 3.59 mW
with a neutral density (ND) lens of 1.0 (Thorlabs, Inc, USA). The LOC is mounted on
the XYZ stage, in which we define the X direction along the length of the microchannel,
the Y direction as corresponding to the axis of the optical fibres, and the Z direction cor-
responding to the height of the microchannel. For a fixed Z position, i.e. a fixed height in
the channel, the LOC is moved in a XY plane, and at each point in this plane the photons
emitted from the excitation volume are collected by both fibre optic channels. The 488
nm laser is maintained at a fixed focal position. When the results from a complete XY
plane are determined, the Z position is then changed and the process repeated.
4.2.2 Results and Analysis
Optimization of the laser power for a homogenous dye is important to prevent photo-
bleaching. Experiments with different laser power by using a set of ND lens were carried
out. Fig. 4.3 indicates a typical scan of the collection efficiency from one of the fibre
channels with respect to the geometry of the fibre positions. Results for 1 nM fluorescein
are shown in fig. 4.4 and indicate that for a laser power of 40 mW when reduced to 3.6
mW using a ND lens of 1.0 and 60x objective lens yielded the best result.





Figure 4.3: The geometry of the fibre positions compared with a typical XY scan. (a)
Laser is set at the origin starting point as (0,0), (b) Laser is position after the complete
scan as the ending point, (c) A typical scan of the collection efficiency from one of the
fibre channels.
in fig. 4.5. Fig. 4.5 shows a series of XY scans from both optical fibre channels plotted at
different z-positions (where the z-position is measured at 0, 10, 20, 30, 40 µm above the
base of LOC device).
The XY scan overlapped with the PDMS walls and showed no significant increase in
photon count. Hence, we assume that scattering or fluorescence from the PDMS did not
have a significant impact on the results. A comparison between the results from each
channel, indicate that the pre-aligned embedded optical fibres share a common region of
detection near to the center of the channel.
In some experiments, optical fibre detection of the fluorescence was low. This may be
due to defects mentioned in previous section 3.1.2, e.g. cracks, oil or dirt on the fibre’s
core, or misalignment. Fig. 4.6 indicates results from one of the few devices that did not
function properly.
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Figure 4.4: A series of XY scans from both optical fibre channels plotted at different laser
power with different set of ND lens (where the z-position is fixed at 0 µm above the base
of LOC device).
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Figure 4.5: A series of XY scans from both optical fibre channels plotted at different z-
positions (where the z-position is measured at 0, 10, 20, 30, 40 µm above the base of LOC
device). Resulted both fibres share the common region of detection.
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Figure 4.6: A series of XY scans from both optical fibre channels plotted at different z-
positions (where the z-position is measured at 5, 15, 25, 35, 45 µm above the base of LOC
device). Fibre 2 didn’t couple any photon, the results showed only background signals
were detected.
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4.3 Characterization of Detection Efficiency
To ensure both pre-aligned integrated optical fibres are detecting the same fluorescent
object, coincident detection was carried out. FocalCheck TM microspheres from Invitrogen
Co. will fluoresce in two different colors (red and green) after being excited by the 488
nm laser. The presence of a single fluorescing microsphere is confirmed when pulses are
detected in coincidence at fibres 1 (red channel) and 2 (green channel) respectively (Fig.
4.7). The detection efficiency of the LOC was then estimated by measuring coincidence






Figure 4.7: Optical images have been taken using inverted microscope: (a) One of the Fo-
calCheck TM microspheres has been dried on a piece of glass slide; (b) and (c) Fluorescent
image of the microsphere after being excited by the mercury lamp and fluorescent emitted
in two color, green and red.
4.3.1 Materials and Methods
FocalCheck TM microspheres, 6 µm in diameter (Invitrogen Co., Singapore [87]) were
flowed along the microchannel. The 488 nm laser was focused at the center point of the
detection volume. The presence of a single fluorescing microsphere is therefore confirmed
when pulses are detected in coincidence by each of the fibres, i.e. fibre 1 collects the red
emission (red channel) and fibre 2 collects the green emission (green channel). The micro-
spheres were diluted to 4400 particles/ml in 0.02 % of DDM in DIW, and the detection
efficiency was then calculated from measurements at different flow rates.
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4.3.2 Results and Analysis
Each FocalCheck TM microsphere which flows between the pre-aligned embedded optical
fibres is excited by the 488 nm laser, and the resulting fluorescence emissions are detected
in coincidence in both the red and green channels. Preliminary results (fig. 4.8) have
shown that the FocalCheck TM microspheres, at a flow rate of 1 µL/min through the
microchannel, were successfully detected. Random events, where only red or green signals
are detected, were absent for these idealized test conditions: only coincidence signals were
measured.
Figure 4.8: Representative traces of fluorescent spikes from FocalCheck TM microspheres,
where A show the fluorescent emitted from FocalCheck TM microspheres in the red channel
and B show the fluorescent emitted from FocalCheck TM microspheres in the green channel.
No random events were observed: All fluorescence observed in the red and green channels
were in coincidence for these tests.
To characterize the detection efficiency of the LOC device, different flow rates of Fo-
calCheck TM microspheres (concentration: 4400 particles per ml in 0.02 % of DDM in
DIW) were investigated. The total number of microspheres at a particular flow rate that
should be detected was calculated based on the volume of the microchannel, total time
53
spent and the concentration of the microspheres. Fig. 4.9 showed that the average detec-
tion efficiency is 83 %.
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Figure 4.9: A graph of the number of coincidence events at different flow rates of Fo-
calCheck TM microspheres (concentration of 4400 particles/ml): (i) The number of coin-
cidence events detected experimentally; (ii) The number of microspheres calculated for a
particular flow rate, and (iii) The detection efficiency, calculated as a percentage of the
total number of detected coincidence events compared with the calculated value. The
average detection efficiency is 83 %.
4.4 Conclusion
Various characterization methods have been carried out to study the efficiency of the
LOC device. These methods include utilizing different dyes and fluorescent microspheres
to characterize the device at difference flow rates. The spatial homogeneity of the detection
volume has been determined and shows that both fibres share a common detection area.
Lastly, the microparticle measurements have indicated a high detection efficiency of 83
%. In conclusion, we have successfully demonstrated the integration of optical fibres into
a PBW-fabricated LOC device in PDMS which will be used for sensitive detection of




The ultimate limit to analytical sensitivity is reliable single molecule detection. In this
chapter, the characterized LOC device will be tested for single molecule detection (SMD)
using nucleic acid molecules.
5.1 Introduction
SMD refers to the ability to detect, observe and analyze individual molecules, one at a
time. Detection of single molecules represents the ultimate level of sensitivity and has been
a longstanding goal of analytical methods. As early as 1980s, high-sensitivity detection of
Rhodamine dyes in a modified flow cytometer was described by Keller and co-workers [88,
89]. Later on, due to technical improvements, SMD in capillaries and microchannels were
used to discriminate and count fluorophores in mixtures without separating the sample
[35]. By using the LOC device for SMD, it is possible to achieve the optimal requirements
for the analysis and manipulation of samples on a single molecule scale. Decreasing the
dimensions of reaction systems to small volumes with low amounts of analytes naturally
stimulates the demand for adequate, high sensitivity detection techniques.
Fluorescence analysis is particularly attractive since fluorophores can be excited and
detected selectively. Furthermore, the excellent sensitivity of fluorescence spectroscopy is
greatly enhanced by reducing the size of the detection volume, because the background
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Dimension (d) 1000 µm 100 µm 10 µm 1 µm
Volume 1 µL 1 nL 1 pL 1 fL
Number of molecules 109 106 103 1
Diffusion time of a molecule over d, ms 1.8x106 1.8x104 1.8x102 1.8
Fluorescence signal per molecule, a.u. 1 1 1 1
Fluorescence signal per molecule / background
signal, a.u.
1 103 106 109
The volume from which fluorescence is detected assumed to be d3. Note that the fluorescent signal
integrated over all molecules in the volume per background signal remains constant, whereas the chance
of detection on a signal-molecule scale increases for small detection volumes.
Table 5.1: Scaling laws for miniaturized reaction as well as detection volume, considered
for an aqueous solution of a Rhodamine dye (D = 2.8x1010 m2 s−1 , concentration: 1.7
nM). (Copied from Analytical and Bioanalytical Chemistry [18]).
signal that is generated by impurities of the sample, Rayleigh stray light and Raman
scattering, rapidly increases with the size of the detection volume. The fluorescence signal
of a single molecule, on the other hand, is independent of the dimensions of the detection
volume and remains constant [18, 90, 91] (Table 5.1). The resulting high Signal to Noise
ratio (SNR) facilitates the recognition of single fluorophores residing inside the detection
volume. To obtain high signal intensity, fluorophores with large absorption coefficients
and quantum yields, such as rhodamine dyes, are necessary. A reasonable stability to
photobleaching is also desirable.
Hence, larger (non-fluorescent) macromolecules (such as proteins and nucleic acids) can
be probed at the single molecule level by extrinsic labeling with appropriate fluorophores.
Nucleic acid analysis has seen a rapid growth in the last few years including DNA (de-
oxyribonucleic acid) and RNA (ribonucleic acid) analysis. Gold nanoparticles [92, 93], bar-
coded nanorods, fiber-optical DNA arrays [94], QDs-based DNA arrays [37, 95], electro-
chemical coding [96] and DNA-based fluorescence nanobarcodes [97] have been developed
for hybridization assays for nucleic acid detection. This strong interest in DNA analysis
is motivated by the hope of determining the size and sequence (including mutations) of
DNA directly without the need to perform several reaction steps or to amplify the DNA
by polymerase chain reaction (PCR), as performed in standard procedures. Although,
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PCR enables an extremely high sensitivity for detecting low-abundance species, and has
been routinely used for detection and quantification of nuclei acids; there are a number
of complications involved in the application of real time PCR, such as contamination-
induced false-positive signals [98]. Here, SMD techniques enable the sensitive detection
of low-abundance species without amplification due to the capabilities of detecting sin-
gle fluorescent molecules with a high SNR [99, 100]. Two-color coincident fluorescence
correlation spectroscopy (FCS) [101, 102, 103, 104, 105] and dual-color fluorescence cross-
correlation spectroscopy (FCCS) [106, 107, 108] have been developed for the homogenous
sequence-specific detection of non-amplified genomic DNA and RNA. Fig. 5.1 shows the

















Figure 5.1: Typical confocal microscopy setup for FCS and FRET using APD as the
photon detectors.
For coincidence detection and monitoring structures or interactions , two-color organic
dyes and Fo¨rster (or fluorescence) resonance energy transfer detection (FRET) are usually
used [109] on a similar setup to FCS (as shown in fig. 5.1). FRET acts as a “molecular
ruler” that enables measuring distances of from 1 to 10 nm within molecules and complexes;
this method can best be explained with a pair of fluorescent probes with significant spectral
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overlap, a FRET donor (D) and a FRET acceptor (A) (Fig. 5.2). After exciting D, a
fraction of its energy is transferred to the acceptor through a dipole-to-dipole interaction
between the two probes. The efficiency of this transfer is a sensitive function of the
distance between the two probes and can be used to evaluate distances. When the donor
and acceptor are in close proximity, the FRET efficiency is high, translating into a low
donor emission and high acceptor emission. Conversely, when the donor is far from the
acceptor, the FRET efficiency is low, and therefore the donor emission is high and the
acceptor emission is low. However their functional limitations, such as the spectral cross-
talk and non-uniform fluorophore photo bleaching rates, make subsequent quantification
analysis complicated. Alternatively, QDs have broad excitation and size-tunable photo
luminescence spectra with narrow emission bandwidth (full width at half-maximum of ∼
























FRET Efficiency, E = 
R = D – A Distance
1 + (R/R0)6
1
Figure 5.2: FRET, a “molecular ruler” for the 1-10 nm distance scale. (a) Close proximity
of the two probes results in high FRET and increased acceptor fluorescence; (b) if the
distances between the probes are large, then FRET is inefficient, and only the donor
fluorescence is observed [113].
5.2 Materials and Methods
To test out the characterized LOC device using single nucleic acid coincidence detec-
tion, two biotinylated oligonucleotide probes were used to recognize and detect specific
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complementary target DNA through a sandwich hybridization reaction. Through spe-
cific streptavidin-biotin binding, the DNA hybrids were first caught and assembled on
the surface of streptavidin conjugate fluorescent biomarkers (emitting red, R). The other
streptavidin conjugate fluorescent biomarkers (emitting green, G) were then added to bind
the other end of DNA hybrids. Two different sizes of fluorescent biomarker were used to
label the oligonucleotide probes,
1. FluoSpheres R© NeutrAvidinTM labeled microspheres (40 nm, yellow-green fluores-
cent (505/515) and red fluorescent (580/605), Invitrogen Co., CA);
Remarks: NeutrAvidinTM protein is a deglycosylated version of avidin which synthesized in-house
by Invitrogen Co., CA)[111]
2. Streptavidin conjugated quantum dots (QDs) (QD525 and QD655, Invitrogen Co.,
CA) fluorescing at 525 nm (green) and 655 nm (red) respectively.
The model for single-molecule two-color coincidence detection was obtained from Zhang’s
group [37]. Both of the oligonucleotide probes and target were purchased from 1st BASE
Pte. Ltd. (Singapore) and had been purified by high-performance liquid chromatography.
The sequence of biotinylated oligonucleotide probes was 5’-GCA ACT AAA TTC A-3’-
BioTEG (Probe 1) and BioTEG-5’-AAA GGA CCA GGC-3’ (Probe 2). The sequence
of the target oligonucleotide was 5’-TGA ATT TAG TTG CGC CTG GTC CTT T-3’
(Target), which was complementary to Probe 1 and Probe 2. Before the oligonucleotide
hybridization, streptavidin-conjugated fluorescent biomarker R were added in probe 1 in a
buffered solution of 100 nM Tris-HCl, 3 mM MgCl2, pH 8.0 ( 1st BASE Pte. Ltd., Singa-
pore ) for 5 minutes. The same procedures were repeated using the fluorescent biomarker
G with probe 2 separately. The hybridization reactions were carried out by mixing the
fluorescent biomarker-labeled probes with target DNA at 55 ◦C for 30 minutes (the molec-
ular ratio of the probe 1 to the probe 2 was kept at the ratio of 1:1) as illustration in fig.
5.3. After cooling to room temperature, the solution was subjected to single-molecule
coincidence detection.
59



















Figure 5.3: Conceptual schematic for the sandwich hybridization of fluorescent biomarker-
based single nucleic acid molecule coincidence detection. Stage 1 is the seperated pre-
labelling step between the biotinlylated oligonucleotide probes with the streptavidin con-
jugated fluorescent biomarkers. In stage 2, the hybridization reactions were carried out
mixing the fluorescent biomarker-labeled probes with target DNA at 55 ◦C for 30 min-
utes, then cooling to room temperature. Finally, the target DNA in the analyte was
labelled forming R/DNA hybrid/G complex. Remarks: Fluorescent biomarker R is refers to
the FluoSpheres R© NeutrAvidinTM labeled microspheres red fluorescent (580/605) and QD655; while the
fluorescent biomarker G is refers to FluoSpheres R© NeutrAvidinTM labeled microspheres yellow-green flu-
orescent (505/515)and QD525.
5.3 Experimental
The same experimental setup as described in the previous chapter is used (Fig. 4.1). For
each type of fluorescent biomarker, two sets of fluorescent data (green and red channels)
were collected in 10 ms intervals for a total run time of 3 minutes, using the following
conditions:
1. Different concentration of target DNA at constant concentration of probes DNA,
fluorescent biomarkers and constant flow rate;
2. Different flow rate with constant concentration of target DNA, probes DNA, fluo-
rescent biomarkers.
As a common practice mentioned in Section 3.3.2, in order to enhance the hydrophilic
property of the PDMS channel walls, 0.1 % DDM in DIW (Sigma-Aldrich, Singapore) was
used to pretreat the PDMS wall before each experiment.
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5.4 Results and Analysis
Two biotinylated oligonucleotide probes were used to recognize and detect specific com-
plementary target DNA through a sandwich hybridization reaction as shown in fig. 5.3.
By counting the two-color coincidence signals, single-molecule two-color coincidence de-
tection had one significant advantage of sensitive detection of low abundance molecules in
the solution without the separation of free probes from target-bound probes [104].
An important requirement of two-color coincidence detection is that the wavelengths
of the two fluorescent probes have very low cross-talk to avoid false-coincidence. Since the
Stokes shift of the organic fluorophores is typically very small (20 - 30 nm), it is difficult
to find two fluorophores that can be excited by one single-wavelength laser with zero
cross-talk. Selecting two fluorophores excited by two lasers with distinct wavelengths can
maximize the separation between two emission wavelengths and minimizes the cross-talk;
however, the confocal volumes of the two lasers cannot have perfect overlap (typically
less than 30 % due to the wavelength difference of two excitation lasers) [37], thereby
decreasing the detection efficiency.
In the preliminary stage, a bigger size of fluorescent microspheres were used, FluoSpheres R©
NeutrAvidinTM labeled microspheres yellow-green fluorescent (YG-µsphere) and red fluo-
rescent (R-µsphere) (40 nm, Invitrogen Co., CA). The fluorescence spectra of FluoSpheres R©
as shown in fig. 5.4 [112], one might expect the possible FRET between the microspheres
because of significant spectral overlap of the YG-µsphere’s emission spectrum and the R-
µspheres absorption spectrum. However, due to the relatively large size of the microsphere
(40 nm in diameter), the distance (more than ∼ 20.0 nm) between the both microspheres
in the YG-µsphere/DNA/R-µsphere complex was far beyond the useful range of FRET
(1 - 10 nm) [113]. Therefore, the possibility of FRET between the YG-µsphere and the
R-µsphere in the YG-µsphere/DNA/R-µsphere complex can be excluded. To avoid the
cross-talk between the emision signal of these microspheres, 525/15 nm , 655/15 nm of
25 mm diameter filter lenses (Semrock, Inc, USA) were used. Fig. 5.4 shows that the
emission signal of the R-µsphere is subject to a higher background.
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Legend:
Fluorescence excitation and emission spectra of FluoSphere® yellow-green  fluorescent in H2O
Fluorescence excitation and emission spectra of FluoSphere® red  fluorescent in H2O
Excitation laser 488nm
Emission filter
Figure 5.4: Fluorescence spectra of FluoSphere R©, adapted from Invitrogen Co. website.
In the next stage, QDs were used as fluorescence biomarkers. QDs are novel semi-
conductor nanocrystals with significant advantages over organic fluorophores [110, 114].
QDs have broad excitation and size-tunable photoluminescence spectra with narrow emis-
sion bandwidth (full-width at half-maximum of ∼ 25 - 40 nm), exceptional photochemical
stability, and relative high quantum yield. Owing to their unique optical and electronic
properties, QDs have been widely used in a variety of biosensors for sensitive detection
of protein, nucleic acids, and small molecules [37, 95, 110]. QDs exhibit size-dependent
tunable photoluminescence with narrow emission bandwidths; moreover, different wave-
length QDs can be excited by a single wavelength laser. The QD525s and QD655s were
chosen as a fluorescence pair for coincidence detection because of their good spectral res-
olution and no spectral overlap (Fig. 5.5 [112]). No cross-talk between the QD525s and
the QD655s emissions were observed under current experimental conditions, making them
ideal fluorescent probes for two-color coincidence detection.
To minimize the cross-linking of streptavidin conjugated QDs, excess biotinylated
oligonucleotide probes were used to saturate the binding sites of the QDs. The con-
centration ratio between the oligonucleotide probes and QDs is 30:1. Assuming there are
three available biotin binding sites per streptavidin after conjugation to QDs, then up to
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Legend:
Fluorescence excitation & emission spectra of Qdot®655 streptavidin conjugate in pH 7.2 buffer
Fluorescence excitation & emission spectra of Qdot®525 streptavidin conjugate in pH 7.2 buffer
Excitation laser 488nm
Emission filter
Figure 5.5: Fluorescence spectra of QD525s and QD655s, adapted from the Invitrogen Co.
website [112].
∼ 15 - 30 biotinylated oligonucleotide probes or sandwiched hybrids could be captured by
a single QD. This is based on the assumption that each QD conjugates with 5 - 10 strepta-
vidins. The multiple binding sites of streptavidin-coated QDs also increase the chance of
its binding to the DNA hybrids. Moreover, the long persistence length of double-stranded
DNA (dsDNA) prevents the two biotinylated terminals of DNA hybrids from binding to
the same QD (the persistence length lp ∼ 50 nm for dsDNA [115], contour length ∼ 8.5
nm for a dsDNA 25 mer). In principle, n-QD525s linking to one QD655 through DNA
hybrids will result in an n-fold increase in the green fluorescence signals. This effects
amplifies the green channel signals and has the potential to distinguish them from free
QD525 signals. However, only one target DNA binds with the oligonucleotide probes and
forms the QD655/DNA/QD525 complex for single molecule coincidence detection.
Fig. 5.6 shows the quantitative analysis of target DNA using two-color FluoSphere R©
or two-color QDs based on single-molecule coincidence detection. The coincidence events
increased with the increasing concentration of target DNA, the detection limit is 1 x 10−12
M at a constant flow rate of 0.005 ml/Hr. At a constant concentration of target DNA,
the fastest flow rate for both types of fluorescence biomarker is 0.5 ml/Hr. This result
demonstrates that the quantitative analysis of target DNA can be obtained by simply
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counting coincidence events, and thus it is possible to determine the specific target DNA
concentration in a complex sample without the need for DNA amplification.
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Figure 5.6: The variance of coincidence events with target DNA concentration as showed
in (a) and (c). Single molecule coincidence detection using target DNA concentration of
1 x 10−7 M at different flow rate as showed in (b) and (d). Graphs are drawn in log
scale. Probe 1 concentration: 3 x 10−9 M; Probe 2 concentration: 3 x 10−9 M; QD655
concentration: 1 x 10−10 M; QD525 concentration: 5 x 10−10 M; FluoSpheres R© yellow-
green fluorescent microspheres concentration: 1 x 1010 particles/ml and red fluorescent
microspheres concentration: 1 x 1010 particles/ml.
Although system downsizing encompases many performance gains, it also generates
many new problems and challenges. Our main challenges appeared to be from blockages
in the microchannel. The particles which potentially can block the microchannel are
suspected to come from either PDMS particles arrising from the inlet hole of the LOC
device or collagulates of the fluorescence microspheres or aggregated QDs. Therefore,
before the LOC is bonded to the glass slide, pressurized deionized water was used to flush
the inlet/outlet region of the microchannel. To solve the blockage problems caused by
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the fluorescence biomarker, analytes were always sonicated for at least 10 minutes before
introduction into the microchannel. These procedures were effective in reducing blockages
in the microchannel providing the microchannel was pre-treated with 0.1% DDM in DIW
to regain the hydophilic property of PDMS channel walls as described in section 3.3 [21].
5.5 Conclusion
The detection of nucleic acids using two-color fluorescent microsphere or QDs based on
single-molecule coincidence detection has been successfully carried out using a proton
beam fabricated LOC device with pre-aligned embedded optical fibres. In comparison
with conventional QD-based assay, the current analysis has the advantage of high detec-
tion efficiency, short analysis time and is suitable for room temperature operation. The
detection limit can reach 1 pM (1 x 10−12 M) at a constant flow rate of 0.005 ml/Hr, while
the fastest flow rate for both types of fluorescence biomarker is 0.5 ml/Hr. This type of
analysis can also be applied to the detection of single nucleotide polymorphisms, proteins
and RNA.
5.5.1 Comparison of the proton beam fabricated LOC device with other
detection techniques
There are several other techniques which have been used for LOC biomolecule studies.
Among these techniques, FCS and FRET are the most common methods for SMD detec-
tion, while other techniques are immunoassays (e.g. enzyme-linked immunosorbent assay
or ELISA), surface plasmon-based technique (e.g. SPB) and PCR. Table 5.5.1 compares
the sensitivity of these techniques used in LOC devices with indicative assay times, with
our proton beam fabricated LOC device.
To date, the reported lowest detection limit for FRET is 0.5 ∼ 0.8 pM [116, 117]
which is similar to the performance of our LOC. All techniques have their advantages
and disadvantages, recent reviews [119, 128, 129] have indicated that in FRET, the donor
and acceptor fluorophores might have different brightness in practice. Donor:acceptor
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Method Sensitivity/LOD Assay/analysis time
FRET (0.5 ∼ 0.8) pM, [116,
117] SMD [118, 119]
seconds - minutes





∼ 1 pM, SMD minutes
SPB 10 fM or ∼ 1 pM [124] 10 min - 1 h
ELISA ∼ 0.1 pM [125] 10 min - 1 h
PCR 10 fg [126, 127] minutes - hours
Table 5.2: Comparison of detection methods with proton beam fabricated LOC device.
(LOD: Limit of detection, fg: femtogram; pM: picomolar, aM: attomolar)
stoichiometry that is beyond the range of 10:1 or 1:10 may caused an inaccuracy in FRET
measurement. However, with the advance of fluorescence spectroscopy, FRET has become
very popular for SMD application [118]. FCS can also deliver high sensitivity molecule
detection and has been demonstrated to detect molecules at the single molecule level
[37, 101, 106, 123]. Both FRET and FCS techniques are volume-based techniques and are
capable of analysing samples for concentration, specificity, affinity and kinetics.
For other less common detection methods, e.g. SPB, ELISA and PCR, Surface plasmon-
based technique (SPB) is a surface-based technique and is label-free and highly flexible
in terms of the range of biomolecules that it can accommodate. Raz et al.[124] demon-
strated sensitivity of ppb on different antibiotic residues in milk samples. This technique
can be easily multiplexed in microchips and thus increase the throughput of analysis.
ELISA is a type of immunoassay technique which uses enzymes to amplify the signal in
order to increase the sensitivity. ELISA is the current standard for protein quantification
and frequently used for pathogen detection. This technique requires a complex procedure
of sampling and assaying, has long incubation times (∼ 60 minutes for microplate im-
munoassays) and consumes large volumes of expensive reagents [130]. However, the recent
development of LOC technologies has improved the performance of ELISA. For example,
microchip-based ELISA assays have shown sub-pM sensitivity [125] and the analysis time
is between a few minutes to 1 hour [126, 131]. Lastly, PCR is a technique for DNA amplifi-
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cation and has been extensively studied for LOC applications. Microchip-based techniques
has reduced the DNA amplification time from hours to minutes and the detection limit to
∼ 10 fg [132]. The reaction volume can be reduced to the nanolitre level, thus significantly
reducing the reagent consumption.
To conclude, every detection method has advantages and limitations. However, these
detection methods share the same ultimate goal, i.e. the detection of single molecules.
In order to benefit society, cost reduction is a main concern for all detection methods.
Therefore, by merging LOC devices and the various detection methods, assay times and
expensive reagent usage are reduced and the analysis is more cost effective.
Chapter6
Conclusion and future work
6.1 Overall conclusion
This thesis describes the development of a LOC device involving its design, fabrication,
characterization and application. An LOC device has been designed which incorporates
both microfluidics and optical functionality. The PBW technique was used in the fabri-
cation of a negative master mold for PDMS casting. The PBW technique is utilized in
the fabrication process because of its availability in our lab and also because it is ideally
suited for the fabrication of smooth side wall LOC masters. PDMS casting was employed
because of the suitable characteristic of this material for producing LOC devices from
molds. The feasibility of our LOC device was proven in preliminary experiments where
the device was characterized using fluorescein dye. These initial tests demonstrated the
suitability of coincidence techniques.
The final optimized device consist of a microfluidic channel which has a dimension
of 25 µm (Width) by 40 µm (Height) by 1 cm (Length) and two aligned etched-multi
mode optical fibres embedded in PDMS. Laser-induced fluorescence within the optical
fiber detection region (illustrated in fig. 4.3) is excited by a 488 nm laser, which was
focused to the detection region by a microscope objective lens. The fluorescence emission
from the detection region is monitored using avalanche photodiode detectors (APD). Final
characterization was undertaken using FocalCheckTM microspheres in order to estimate
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the detection efficiency and these tests indicated a high detection efficiency of 83 %.
Combining both single molecule detection (SMD) and miniaturization leads to many
mutual benefits for analytical research. The final testing of the LOC involved the measure-
ment of single nucleic acid molecules doubly tagged with FluoSpheres R© as well as QDs
(FluoSpheres R© NeutrAvidinTM labeled microspheres (40 nm, yellow-green fluorescent
(505/515) and red fluorescent (580/605); Qdot525 and Qdot655 streptavidin conjugates).
We have demonstrated a limit of detection for our LOC of 1 pM (1 x 10−12 M) at a
constant flow rate of 0.005 ml/Hr, and this compares favorably with other techniques,
such as FRET.
6.2 Future Work
To fabricate a truly portable LOC device, further integration of peripheral facilities into
the device is necessary. Recent work on integrated beam splitters and waveguides as a
part of the detection system have been investigated and proved successful although the
sensitivity is yet to be optimized [133, 134]. We have attempted preliminary work on
using proton beam fabricated waveguide directly machined into PDMS [57] although this
has not yet been tested in our LOC device. Our LOCs still utilizes external features such
as the excitation laser and APD detector. Ultimately, these will need to be embedded in
our LOC device. One possible approach is to use laser diodes to replace lasers. Chabinyc
and his collaborators have been reported the integration of micro-avalanche photodiode
detector (µAPD) as the photodetector in PDMS [135]. By combining all the ideas and
possibilities for an ideal portable LOC device, the design of a fully integrated compact
microdevice may be carried out with the aid of simulation package such as COMSOL
Multiphysics, which could be used to predict the fluid flow and fluorescent detection
efficiency in the microchannel system. Such a development requires expertise from many
different disciplines, e.g. physicists, chemists, biologists, software engineers, etc.
One of the main applications of the LOC device is analytical chemistry or biochemistry.
Analytical chemistry is concerned with gathering qualitative and quantitative information
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on all kinds of samples, often with only a small amount of sample to work with, or with
the analytes of interest present in very low concentrations. We can therefore conclude
that single-molecule fluorescence detection in combination with microfluidics is clearly an
important emerging field of analytical and bioanalytical sciences, and one that will play a
major role particularly in future systems biology.
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